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ON THE USE OF HYDROGEN PEROXIDE AS OXIDIZER IN 

HYBRID SYSTEMS 

ABSTRACT. This paper dea l s  with the  use of hydrogen 
peroxide as an ox id ize r  i n  hybrid propulsion systems, t h e  
i g n i t i o n  being assured by hypergolic reac t ions .  

The labora tory  study of i t s  hypergolic q u a l i t i e s  shows 
t h a t  t h e  metallic hydrides and borohydrides, i n  p a r t i c u l a r  
t h e  a l c a l i n e  compounds, g ive  s h o r t  i g n i t i o n  time-lags. The 
mixture 70% para to lu id ine  30% potassium borohydride, t e s t e d  
i n  a micro thrus te r  i n  t h e  presence of a metatoluene diamine- 
based f u e l ,  gave an i g n i t i o n  time-lag of s i x  millisec. 

A performance comparison of t h i s  same f u e l  i n  t h e  
presence of n i t r i c  ac id ,  n i t rogen  peroxide and hydrogen 
peroxide shows f o r  t h i s  l as t  oxid izer  higher regression 
rates, lead ing  t o  higher c h a r a c t e r i s t i c  mixture r a t i o s .  As 
a consequence, new f u e l s  appear t h a t  are s p e c i f i c  t o  t h i s  
ox id izer ;  they contain polymers and p l a s t i c  binders. To 
t h e i r  good combustion q u a l i t i e s  they add exce l l en t  mechanical 
properkies. Among them, carboxyl-polybutadiene has been used 
as a base f o r  studying t h e  combustion of metals. 

The couple carboxyl polybutadiene-hydrogen peroxide is  
p a r t i c u l a r l y  w e l l  s u i t e d  t o  f r o n t a l  combustion, as i t  
permits,  among o the r  q u a l i t i e s ,  a thermochemical decomposition 
of t h e  hydrogen peroxide. 

I. General Considerations on Hybrid Combustion 

Hybrid combustion b r ings  i n t o  p lay  p rope l l an t s  of d i f f e r i n g  physical pro- 

p e r t i e s .  As a general  d e f i n i t i o n ,  an oxid iz ing  l i q u i d  is  passed over as s o l i d  

fue l .  Though modified, and even opposite,  concepts are poss ib le ,  we w i l l  only 

examine i n  t h i s  ar t ic le  t h e  strict case of a classical system. 

/16* 

The fundamental 

* 
Numbers i n  t h e  margin i n d i c a t e  pagination i n  t h e  o r i g i n a l  fore ign  text. 
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pr inc ip l e s  of operation of these  engines have been t r e a t e d  i n  various publ ica t ions  

[l -31. W e  w i l l  only recall them i n  general  ou t l i ne ,  l i m i t i n g  ourselves t o  t h e  ' 

case of a l i q u i d  oxid izer  and a s o l i d  f u e l .  Figure 1 gives the  general  concept . _- -_c_ -__- 
of a t h r p s t e r  using t h i s  - -  type of combustion. 

(pressurized t o  a va lue  pi), is  in j ec t ed  i n t o  the  chamber containing t h e  s o l i d  

fue l .  Combustion, genera l ly  hypergolic, proceeds r ap id ly  as pressure  s t a b i l i z e s  

i t s e l f  t o  a va lue  p 0' 
of sec t ion  Ac i s  equal t o  

oxid izer  1.n 0 
under consideration. 

present i n  t h e  chamber, such as its phys ica l  and chemical state. It is  connected 

- -  The oxid izer  - - _  A contained i n  t h e  _tank----- _ _  

such t h a t  t h e  t o t a l  output passing through t h e  t h r o a t  
- - /J \C 

I ; / ,  = <;*- iiLt , which i s  the  sum of t h e  outputs of t h e  - - - - - _  - - - -- - * 
and of t h e  f u e l  $ and c , t h e  c h a r a c t e r i s t i c  ve loc i ty  of t h e  couple 

It is known t h a t  t he  f u e l  output depends on conditions 

t o  t h e  combined output i n  t h e  c e n t r a l  channel by a l a w  of t h e  form = kl ( P U P ,  

and the  parameter a varies setween 0.4 and 0.8 depending on flow conditions [4]. 
I n  t h e  majority of tests- on t h e  t h r u s t e r ,  t h e  parameter a is  of t h e  order of 0.59 
a value,  it might be  mentioned, d i f f e r e n t  from t h a t  observed i n  configurations 

i n  which t h e  flow and boundary l a y e r  are b e t t e r  defined. 

s u r e  on t h i s  f u e l  output is  s t i l l  under discussion; wi th in  c e r t a i n  l i m i t s  i t  

The inf luence  of pres- 

B 
. obeys a l a w  of t h e  form % = k2 (pu) po9 6 being s m a l l ,  between 0.2 and 0.5. 

Several  i gn i t i on - in j ec t ion  geometries can be  envisaged, t he  most f a m i l i a r  

being the  c y l i n d r i c a l  conf igura t ion  with one o r  two channels. 

described i n  t h i s  ar t ic le ,  we have experimented with t h e  single-channel system. 

This simple shape is eminently s u i t a b l e  f o r  hybrid combustiqn. To ob ta in  

operation a t  constant exhaust concentrations,  t he  r e l a t i o n  P/An 
P 

cons tan t ,  with A being t h e  c ros s  s e c t i o n  of perimeter P. 

of tests a t  f ixed  po in t s  have shown t h a t  n is i n  t h e  v i c i n i t y  of 0.5, t h e  

c e n t r a l  c y l i n d r i c a l  channel wi th  a c i r c u l a r  s e c t i o n  is well-adapted t o  t h i s  

type of propulsion. 

I n  t h e  tests 

must be 

Since t h e  majority 
P 

11. Influence of Hydrogen Peroxide from an Enerpy Viewpoint. 

Hydrogen peroxide l eads  t o  couples which present  i n t e r e s t i n g  s p e c i f i c  

impulses. A comparison between standard s p e c i f i c  impulses ca lcu la ted  €or 

various s o l i d  f u e l s  i n  a s soc ia t ion  wi th  hyrodgen peroxide, or wi th  n i t rogen  
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peroxide, is shown i n  Figure 2. 

s p e c i f i c  mass p of t h e  t o t a l  p rope l lan t .  

t h e  standard impulse is  278 sec. With polybutadiene, which has t h e  advantage 

of be inq  cast and polymerized e a s i l y ,  t he  impulse reaches 274 sec. 
290 sec. with the  add i t ion  of 50% aluminum. 

m e t a l  introduced is beryllium; ca l cu la t ions  i n d i c a t e  an impulse of 315 sec.., a t  

optimum conditions.  

passed t h e  labora tory  s t age ,  impulses should be higher than 350 sec. 

These values are c l a s s i f i e d  as a func t ion  of t h e  

With a simple f u e l  l i k e  polyethylene, 

It rises t o  

The gain is more s i g n i f i c a n t  i f  t h e  

With beryll ium hydride, production of which has not  y e t  

So l id  f u e l /  

hydrogen peroxide couples rank high on t h e  scale of 

from s to rab le  p rope l l an t s ,  beryll ium o r  its hydride 

f o r  t h i s  ox id izer .  [5-61. 

poss ib l e  i m p d s e s  - obtainable /17 
being t h e  chosen metal 

111. Present State of Readiness and t h e  S t a b i l i t y  of Hydroven Peroxide 1 7 1  

Among t h e  numerous methods used t o  prepare hydrogen peroxide ( the  ac t ion  of 

ac ids  on peroxides, oxydo-reduction of quinones, d i r e c t  syn thes i s ,  complete and 

incomplete combustion of hydrocarbides) few are commercially useful.  The e l ec t ro -  

l y t i c  method is t h e  one most o f t en  employed. 

ac id ,  ammonium sulphate ,  o r  potassium in excess su lphur ic  ac id ,  i s  used. 

Hydrogen peroxide is obtained as a r e s u l t  of oxidizing e f f e c t s  i n  t h e  v i c i n i t y  

of t h e  anode, where i t  forms as intermediate substances, from persulphuric a c i d  

o r  t h e  persulphate.  Hydrogen peroxide i n  t h e  gaseous s ta te  is separated from t h e  

by-products, concentrated,  and ex t rac ted  i n  a chamber over t h e  anode compartment. 

Yields are b e t t e r  when t h e  persu lpha te  is  used. 

A so lu t ion ,  e i t h e r  of su lphur i c  

P 

La  Soci6t6 d'Electrochimie (Ugine) w a s  t h e  f i r s t  French p l an t  t o  make 

hydrogen peroxide by e l e c t r o l y s i s .  

Lyon, a member of t h e  same group, w a s  ab l e  t o  ensure production f o r  a l l  France. 

I n  1931, t h e  P i e r r e  B6nite p l an t  near  

-- 
Oxygenated water, o r  hydrogen peroxide, is  made,to a concentration of approx- 

__  ._ - - - - ___ - ____ 
imately 75 p.p.100. To ob ta in  supe r io r  concentrations,  d i s t i l l a t i o n  and 

f r a c t i o n a l  c r y s t a l l i z a t i o n  are used. 
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liquid oxidizer, ,- 'command valve 

gas 
genev _ -  
L 

/nozzle 
I ..- . 1 _  .~ . ' r  'solid fuel  

I 
;1. ' . \  . . .. .?.*. .,-.; , ., i. 

.. . . ..,' .. . . 7 .  i. output' ;oxidizer and- fuel output ' I  

, .  i I 

- 5  I .  

I nozzle' ' r, 

Figure 1. Schematic of a lithergol rocket 

Figure 2.  Performances and combustion temperatures 
with two oxygenated oxidizers, 
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A process of double d i s t i l l a t i o n  allows the e l imina t ion  of impur i t ies  and 

t h e  production of 90% concentrations.  

f r a c t i o n a l  c r y s t a l l i z a t i o n  of these  90% so lu t ions .  

Better concentrations are poss ib le  by 

\ 

Hydrogen peroxide thus obtained i s  very pure, and lo ses  less than 1% of 

i t s  s t r eng th  annually when s to red  a t  moderate temperatures - t h e  loss being 

due t o  its decomposition i n t o  oxygen and water. 

An experimental study of i t s  preserva t ion  over a period of t i m e  i n  a f ive-  

l i ter  ja r  showed a d i f f e rence  i n  concentration of only 0.5%; i t  declined from 

95.5% to 95% i n  18 months. 

Storage over long periods i s  mainly done i n  high-purity aluminum vats. 
These tanks are provided wi th  an a i r  @over w i t h  a s a f e t y  membrane, which pre- 

vents dangerous pressure  overloads due t o  slow decomposition of the  peroxide. 

F i l t e r s  reduce the  p o s s i b i l i t y  of contamination. 

Every hydrogen peroxide container must b e  placed i n  an i so l a t ed ,  w e l l -  

v e n t i l a t e d  loca t ion ,  f a r  from a l l  materials which might be  combustible o r  might 

poss ib ly  containdecomposition c a t a l y s t s ;  a source of water must a l s o  be  c lose ,  

t o  allow d i l u t i o n  should i t  become necessary. 

A s  a general  p rac t i ce ,  su r f aces  i n  contac t  with t h i s  compound should be  

extremely well-polished, i n  order  t o  reduce t h e  su r face  of contac t  as much 

as possible.  This is  a most important po in t .  These sur faces  should then, w i t h  

equal  care, b e  cleaned and rendered inert wi th  a s o l u t i o n  of n i t r i c  ac id  

(density 1.4), and w i t h  s t ronge r  and s t ronge r  concentrations of hydrogen pero- 

x ide  l i qu id .  

The high concentration hydrogen peroxide sued i n . t h i s  study (96%), was  
suppl ied  by t h e  Labora tor ies  of A i r  Liquide d e  Lyon. 
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IV. 'kk&Imds 0 f U s e  of Hydrogen Peroxide i n  Thrusters.  

I n t e r e s t  has been shown i n  t h e  use of hydrogen peroxide as an oxid izer  

i n  rocket propulsion. 

t h a t  it possesses high dens i ty  and b o i l i n g  po in t ,  a low v i s c o s i t y ,  and signi,f- 

i c a n t  ox id iz ing  proper t ies .  On t h e  o the r  hand, i t s  r e l a t i v e l y  high c rys t a l -  J 

l i z a t i o n  temperature can b e  a hindrance i n  some appl ica t ions .  

Some of t h e  f a c t o r s  favorable  t o  i t s  u t i l i z a t i o n  are 

It decomposes under t h e  inf luence  of hea t ,  o r ,  at  ordinary temperatures, 

under t h e  inf luence  of c a t a l y s t s .  Accordingly, it can be used i n  two ways: 

- i n  a monopropellant form, 

- as an oxidizer., through c a t a l y t i c  predecomposition. 

Further, because of i t s  oxid iz ing  power, it cap b e  in j ec t ed  d i r e c t l y  i n t o  

the chamber, t o  produce f u e l  i g n i t i o n  by hypergolic reac t ions .  

I V . l .  C a t a l y t i c  D-ecomposition. 

Hydrogen peroxide can b e  decomposed by i t s e l f ,  under temperature increase  

The temperature of . the products formed depends alone, i n t o  oxygen and water. 

on t h e  concentration and t h e  i n i t i a l  s ta te  of t h e  so lu t ion .  

This decomposition can 'also be  produced at ordinary temperatures i n  t h e  

presence of c a t a l y s t s .  I n  t h i s  case, t h e  equation: 

l i b e r a t e s  energy corresponding t o  a temperature ( i n  the gaseous mixture) of 

1273'K, at one atmosphere. - _  - 
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Decomposing c a t a l y s t s  can be: 

Homogeneous: cons i s t ing  of metallic ca t ions  of i ron .and  copper, and of 1 

chromate and vanadate anions p r e c i p i t a t e d  by s t a b i l i z e r s  i n  

complex form; 

Heterogeneous: cons i s t ing  of metals i n  a pure, f i n e l y  divided state, o r  

t h e i r  oxides: P t ,  Mn, Hg, Fey Cu, Cs, Ag, Ni. 

The most usua l  agent f o r  so lu t ions  of concentration less than 95% is silver, /ls 
f o r  which a p l a t eau  of decomposition rates e x i s t s  over a l a r g e  range of temper- 

a tu re s .  I n  p r a c t i c e ,  i t  is  set on g r i l l e s  of n i c k e l  coated with crude 

e l e c t r o l y t i c s i l v e r .  

This r ap id  decomposition i l l u s t r a t e s  i t s  poss ib le  use of a monopropellant. 

As  such, it w a s  t h e  sub jec t  of numerous s tud ie s .  Spec i f i c  impulses, a 

func t ion  of t h e  concentration, are f o r  90% hydrogen peroxide, of t he  order of. 

134 sec. a t  a pressure  of 20 ba r s ,  and 141 sec .  at  35 bars .  This type of 

decomposition is  b e s t  used i n  a u x i l i a r y  guidance t h r u s t e r s .  

The decomposition of hydrogen peroxide w a s  a l s o  s tud ied  as a gas generator 

in  a supply system of rocket engines with hybrid propel lan ts .  

G. E. Moore and Kurt Berman f i r s t  proposed t h e  use of t h i s  ox id izer  i n  

hybrid t h r u s t e r s  through a c a t a l y t i c  predecomposition 111. 

Hydrogen peroxide of 90% concentration is  in j ec t ed  over a decomposition 

p i l e  of si lver-based c a t a l y s t .  

passed i n t o  

of polyethylene. 

su r f ace  of t h e  s o l i d ;  t h e  standard t h e o r e t i c a l  s p e c i f i c  impulse is  278 sec. 

The products formed, H20 + 02) are next 

an annular combustion chamber made of two concentric cy l inders  

The combustion r eac t ions  take  p lace  between t h e  gas and the 

I n  classic hybrid t h r u s t e r s  made s o l e l y  of one c y l i n d r i c a l  block ,(grainIT 
. -  

w i t h  a s i n g l e  channel (per fora t ion)  i n  the center ,  one can v i s u a l i z e  a .  
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surrounding depos i t  of active material ca ta lyz ing  t h e  decomposition of the  

hydrogen peroxide, which is  being i n j e c t e d  d i r e c t l y  i n t o  the  chamber. 

The work i n  t h i s  ar t ic le  only dea ls  w i th  hybrid combustion i n i t i a t e d  by 

hypergolic r eac t ions  i n  a certain manner. 

hydrogen peroxide produces s u f f i c i e n t  energy t o  i n i t i a t e  combustion of t h e  s o l i d  

f u e l  over a l l  i t s  su r face ) ,  is  deposited along t h e  i n t e r i o r  of t h e  central 
channel. 

A compound (whose hypergol ic i ty  with 

Figure 3 shows a system of two classic hybrid t h r u s t e r s ,  one with c a t a l y t i c  

predecomposition, t h e  o the r  with hypergolic comb,ustion. 

IV.2. Direct I n j e c t i o n  of Hydrogen Peroxide i n t o  t h e  Chamber - Hypergolic 
Reactions 

The hypergolic n a t u r e  of hydrogen peroxide with l i q u i d  f u e l s  w a s  a l s o  

s tud ied  i n  Germany a t  t h e  end of t h e  Second World War, and had m i l i t a r y  

app l i ca t ions  i n  V2's. 

from hydrogen peroxide. 

b u t  t h i s  i g n i t i o n  r equ i r e s  t h e  presence of a c a t a l y s t .  

obtained with 90% concentration hydrogen peroxide and hydrazine are 242 sec,' 

at  21  ba r s ,  and 257 see. a t  35 bars .  With e t h y l  alcohol,  impulses are 230 sec. 

and 245 sec. f o r  t he  same pressures.  The hypergolic p rope r t i e s  of t h e  couple 

98% H202 - Aerosine 50 would be i d e a l  f o r  t h e  t h r u s t e r  operating on impulse. 

In t h e  f i e l d  of hybrid systems, t h e r e  still  does not e x i s t ,  at  least t o  our 

knowledge, work on hypergolic combustion i n  t h e  presence of l i q u i d  hydrogen 

I 

Later, t h e  English d i d  work of i n t e r e s t  on i g n i t i o n  

Hydrazine and e t h y l  alcohol i g n i t e  with it on contac t ,  

Spec i f ic  impulses 

peroxide. For t h i s  reason i t  seemed use fu l  t o  us t o  publish c e r t a i n  r e s u l t s  

obtained a t  t h e  O.N.E.R.A. relative t o  t h e  study of t h e  hypergol ic i ty  of l i q u i d  

hydrogen peroxide i n  t h e  presence of var ious  s o l i d s ,  and t o  t h e  development i n  

micro thrus te rs  of couple performances using H 0 as an oxid izer .  2 2  -_- 
Cnmhustion with c a t a l y t i c  decomposition- - 

Uvnaronl i P rnmhiist inn 

. 
- c a t a l y s i  - - -4 

on with  hydrogen-pelcoxide- -- 
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V. Direct I n j e c t i o n  of Hydrogen Peroxide i n  t h e  Chamber. 

V . l .  Study of Hypergolicity i n  t h e  Laboratory. 

\ 

Preliminary s t u d i e s  l ead  t o  t h e  following conclusions: 

- t h e  hydrides,  t h e  metallic borohydrides ,, notably t h e  a l k a l i n e  compounds, 

have s h o r t  i g n i t i o n  delays e 

- t h e  s o l i d  aromatic amines: para to lu id ine ,  metatoluidine,  and paraphenylene 

diamine, have a combustion delay b e t t e r  than a second; 

- t h e  complex dimethylhydrazine-diborane has a slower r eac t ion  with l i q u i d  

hydrogen peroxide, leading t o  explosion a f t e r  a second of con tac to  
- t h e  i g n i t i o n  delays of t h e  more i n t e r e s t i n g  compounds have been measured 

with a p i s ton  apparatus. 

lowing values : 

L i s t i n g  the r e s u l t s  recorded gives t h e  fo l -  

Lithium hydride (HLi) 2 msec. 

Lithium anhydride (NH2Li) 6 msec. 

Lithium borohydride (BH4Li) 1 mSeco 

Lithium aluminohydride (A1H4Li) 7 msec. 

Sodium borohydride (BH Na) 8 msec. 

Potassium borohydride (BH K) 2 msec. 4 

4 

For t h e  complex dimethylhydrazine-diborane, 150 msec. w a s  ,obtained. 

Amorphous borax powder ignites on contac t  with hydrogen peroxide, bu t  with a 

delay of about 1 sec. 

Potassium borohydride w a s  re ta ined  i n  preference  t o o t h e r  compounds as an 

i n i t i a t o r  of combustion; i t  is  both s t a b l e  i n  air ,  and very r e a c t i v e  i n  t h e  

presence of t h e  oxidizer.  For purposes of ' r eac t ion ,  it is placed i n  suspension 

wi th  a paraanisidine-paratoluidine mix. These combinations, s tud ied  i n  var ious  

concentrations,  possess t h e  following i g n i t i o n  delays: 
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Potassium Borohydride (lo,%) 
Para to lu id ine  (90%) 

Potassium Borohydride (30%) 

Para to lu id ine  (70%) 

Potassium Borohydride (30%) 

Paraanis id ine  (70%) 

48 msec. 

35 msec. 

59 msec. 

All of these  values are s a t i s f y i n g ,  and t h e  use of these  suspensions can be 

considered i n  t h e  i g n i t i o n  of s 'olid f u e l s  f o r  t h r u s t e r s .  

t h e  lowest i g n i t i o n  delay - i .e.,  potassium borohydride (30%) 

(70%) - w a s ,  by preference,  re ta ined .  

The composition having 

pa ra to lu id ine  

A l l  i g n i t i o n  delays have been measured with a hydrogen peroxide concentration 

of 96%. When t h i s  i s  reduced, delays lengthen dangerously. 

V.2. Study of I g n i t i o n  i n  t h e  Microthruster MT-15. 

The suspension of 30% potassium borohydride i n  70% para to lu id ine  so lvent  

is  spread at  t h e  rate of 0.05 gm/sq. em. on t h e  su r face  of t h e  channel i n  t h e  

f u e l  grain.  It changes a f t e r  s o l i d i f i c a t i o n  i n t o  a very adhesive white f i lm.  

The f u e l  g ra in  i t s e l f  i s  composed of 96% active element (metatoluene 

diamine) and 4% binder (nylon made p l a s t i c  with cyclohexylphtalate).  Its 

dimensions are: 90 mm. l eng th ,  60 mm. diameter, 30 mm. threshhold chamber, and 

a weight on t h e  order of 300 gm. 

The micro thrus te r  FIT-15 allows a d e t a i l e d  study of i gn i t i on ;  i t  is 

r e l a t i v e l y  eas ty  t o  opera te ,  and does not  use l a r g e  q u a n t i t i e s  of material. 

'- 
Adapted t o  measure i g n i t i o n  delay and hydrogen peroxide consumptions 

- 
(Figure 4 )  it  comprises: 
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- a tank of aluminum a l loy ,  with 

a c a r e f u l l y  polished i n t e r i o r ,  

and with a capacity of 300 cm; 

- a connection between t h e  tank 

and t h e  t h r u s t e r ,  made of s t a in -  

less steel  ( t h e  period of con- 

tact wi th  t h e  peroxide being 

_" .  ~ 

-.- - 

Figure 4 .  I g n i t i o n  delay measurement 
on t h r u s t e r .  

l imi t ed ) .  It is supplied with 

a blowout valve of polyethylene, 

of 0 . 1  mm thickness,  secured 

between two c i r c u l a r  p l a t e s ,  one 

of which has a t o r s i o n  j o i n t ;  

- a probe r e g i s t e r i n g  t h e  arrival 

of t h e  oxid izer ,  i s o l a t e d  and 

s i t u a t e d  above t h e  i n j e c t o r  

- f i n a l l y ,  t h e  micro thrus te r  it- 

s e l f ,  i n  t h ree  p a r t s :  

a) t h e  i n j e c t i o n  head, equipped 

with a spray i n j e c t o r ,  and a 

tubular  chamber which i s  used 

t o  hold a germanium type  OD12 
cel l ,  t o  d e t e c t  rises i n  tem-  

pera ture ;  

b) t h e  combustion chamber, enclosing t h e  s o l i d  f u e l ;  

c) t h e  nozzle, having a diameter of 5 mm a t  t h e  t h r o a t ,  wi th  a pressure  

gauge a t  t h e  convergent sec t ion .  

The readings of i g n i t i o n  delay and t h e  rise i n  pressure  a t  i g n i t i o n  appear 

simultaneously on a d ipo la r  oscil loscope, where t h e  l i g h t  i n t e n s i t y  of t h e  sig- 

n a l s  is  modulated t o  1000 Hz. 
recorder (2 cm/sec.), equipped with galvanometers. 

Pressure is s i m i l a r l y  recorded on a slow-motion 

11 



V.2.1. Results Obtained 

( *) The r e s u l t s  obtained are condensed i n  Table I . 
TABLE I. 

F i r ing  
information 

(mass of 
H202 i n  g) 

I 
100 e . . 

II 
200 . , . 

I11 
200 . . . 

IV 
200 . . e 

2 4  hours 
a f t e r  being 
placed i n  t h e  
i n i t i a t i o n  
chamber, and 
exposed t o  
air .  

Physical 
delay 

(msec.) . 

Chemical 
delay 

(msec.) 

Glob a1 
delay 

(msec.) 

8 

8 

11 

8 

;Pornax. a t  
i g n i t i o n  

(bars) 

9 

19 

16 

10 

p during 
test 

(bars) 

27 

28.6 

28.2 

28.5 

(*I Measurements of i g n i t i o n  delay and t h e  i n t e r p r e t a t i o n  of r e s u l t s  have 
been examined on several occasions; t h e  reader  i s  asked t o  check t h e  references 
himself [8, 91 e 

For these  tests, i n j e c t i o n  pressure is 30 bars ;  t h e  f i r i n g  release is  con- 

t r o l l e d  by an electrical switch i n  t h e  tank, which is  pressurized with nitrogen. 

An examination of Table 1 and t h e  readings i n  Figure 5 i n d i c a t e  a satis- 

fac tory  i g n i t i o n  without pressure  points.  The a c t i v i t y  of t h e  i g n i t i o n  cata- 

l y s t  is unchanged even a f t e r  de l ibe ra re , exposure  t o  air, without s p e c i a l  pro- 

t e c t i o n ,  f o r  24 hours. Also t o  be noted is t h e  high r eac t ion  rate: .rch = 2 

msec e 

12 
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.Figure 5. Recordings of i g n i t i o n  delay 
and chamber pressure.  

T i m e  base 1.10 sec. 
Time count 12.10 sec. 

A - N o .  1 f i r i n g ,  B -No. 2 f i r i n g  
C - No. 3 f i r i n g ,  D-No. 4 f i r i n g  

V . 3 .  Non-hypergolic Reactions. 
Choice of Fuel. 

I 

The tests ca r r i ed  out  i n  t h e  la- 

boratory ind ica t ed  t h a t  some s o l i d  

aromatic amines react with hydrogen 

peroxide, and could be ign i t ed  a f t e r  

a second of contact.  These amines 

make exce l l en t  active bases f o r  f u e l s  

i n  t h e  presence of t h i s  ox id izer .  

The micro thrus te r  MT-15 (des- 

cribed i n  t h e  preceding sec t ion )  then 

allowed us t o  make a preliminary se- 

ries of measurements, having as t h e i r  

a i m :  

1. As a f i r s t  s t e p ,  t o  make a 

comparison of t he  combustion charac- 

teristics of standard l i t h e r g o l  NMTD 

(metatoluenediamine-nylon-cyclohexyl- 

phta la te )  i n  t h e  presence of hydrogen 

peroxide, n i t r i c  ac id ,  and n i t rogen  t e t rox ide ;  

2. To de f ine  new, s p e c i f i c  f u e l s  f o r  t h i s  ox id izer ,  e spec ia l ly  those which 

would have high a b l a t i v e  rate. I n  e f f e c t ,  t h i s  meant new compounds compatible 

wi th  hydrogen peroxide, s i n c e  poor r e s u l t s  were obtained with n i t r i c  ac id  and 

n i t rogen  t e t rox ide .  A wide s e l e c t i o n  of f u e l s  is thus produced, which would 

r eac t  i n  t h e  presence of h ighly  concentrated hydrogen peroxide as an oxid izer .  

The standard mixtures with an amine base, supplemented by a series of polymers, 

inc luding  b inders  and p l a s t i c  r e s i n s ,  such as polybutadiene, a r a l d i t e  D, t h e  

po lyes t e r s ,  p l e x i g l a s s  , a r a l d i t e  FKL9 nylon, and polyethylene, 

pounds combine good combustion c h a r a c t e r i s t i c s  with exce l l en t  mechanical s t rength .  

A l l  these  eom- 

13 
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A second series of tests w a s  performed on a more s i g n i f i c a n t  scale with t h e '  i .- _-___ 
microthruster.MT-32, with 30 daN t h r u s t ,  i n  order t o :  

1. Check whether t h e  r e s u l t s  obtained on l i t h e r g o l  NMTD were repeated on 
L 

t h i s  scale; 

2. Study t h e  v a r i a t i o n s  i n  t h e  r e l a t i o n  between t h e  mixture,and the  char- 

acteristic veloci.ty as a func t ion  of t he  length of t h e  fue l ;  

3. Show the  inf luence  of t h e  v a r i a t i o n  of chamber pressure  on performance, 

p a r t i c u l a r l y  on regress ion  rates of t h e  .fuel.. 
. - __ 

V I .  Experimental Microthrusters MT-15 and MT-32 

VI.1. Description 

The rr&?rothruster MT-25 has been described i n  t h e  s e c t i o n  on i g n i t i o n  

s tud ie s .  

t h e  oxid izer  were no t  used. 

For combustion tests, t h e  c e l l  and probe de tec t ing  t h e  a r r i v a l  of 

The ~ e r o t h m s t e r  MT-32, shown schematically i n  Figure 6 ,  develops a t h r u s t  

of approximately 30 daN. The diameter of t h e  nozzle th roa t  is 10 mm. The con- 

f i g u r a t i o n  is  t h e  same as f o r  t h e  MT-15 microthruster;  f o r  p r a c t i c a l  convenience 

t h e  oxid izer  tank is  above t h e  t h r u s t e r ,  and separa ted  from i t  by a blowout 

valve. The dimensions of t h e  f u e l  gra in  are: 140 mm long, 105 mm e x t e r i o r  

diameter, and 40 mm threshhold diameter. 

VI.2. Experimental Technique and Monitoring. Calculation of 
Performance and Regression Rate. 

For t h e  MT-15 engine, t h e  hydrogen peroxide tank capacity is  1000 cm. and 
-. _- 

t h e  f u e l  g ra in  mass is 300 gm. 

_. 

The MT-32 engine has an oxid izer  capacity of 2000'cm., and t h e  f u e l  a mass __ 
of about 1 kg, 
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Experimental techniques are t h e  

same i n  both cases. Af te r  removing 

t h e  f u e l  gra in  from i t s  enclosing 

duralinox mold, t h e  i g n i t i o n  c a t a l y s t  

is  spread on t h e  su r face  of t h e  thresh- 

hold. The whole apparatus is c a r e f u l l y  

. '1. Nitrogen 
entrance 

2. Stop valve 

3. Tank 

4. Oxidizer 

I weighed, and then i n s e r t e d  i n t o  t h e  

combustion chamber; the latter is re- 

5. 

6 .  

7. 

8 .  

9 .  

'10. 

11 e 

Figure 6. 

Blowout 
valve 
I n j e c t o r  

Fuel 

Durestos 
casing 

Pressure  
seal gauge 

Cadars it e 
casing 

Nozzle 

assembled i n  two p a r t s ,  lower and upper 

(or ,  i n  terms of flow, downstream and 

upstream), cons i s t ing  of t h e  i n j e c t o r s ,  

and t h e  convergent s ec t ion  of t h e  noz- 

z l e .  

t i c a l l y  in its support on t h e  test 

bench. The pressure  seals are s tan-  

dardized; t h e  hydrogen peroxide is agi- 

t a t e d  i n  t h e  tank some moments before  

t h e  f i r i n g .  A t  t h e  last i n s t a n t ,  it 

is put under pressure.  

The e n t i r e  u n i t  is placed ver- 

An important po in t  must be  noted: 

hydrogen peroxide being a monopropel- 

lant, it i s  e s s e n t i a l  t o  prevent any p o s s i b i l i t y  of combustion products re- 
en te r ing  t h e  tank, and providing a pressure  overload at  t h e  moment of i g n i t i o n .  ~ 

The parameters descr ib ing  each f i r i n g  are as follows: 

m , W  : t o t a l  , mass of ox id i ze r  consumed, obtained by weighing t h e  tank 

before  and a f t e r  f i r i n g ;  

% ( g ) :  t o t a l  mass of f u e l  consumed, obtained by weighing the  g r a i n  be fo re  

and after f i r i n g ;  
-7 - I-- - 
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pi,po(bars): i n j e c t i o n  pressure  and chamber pressure ,  measured a t  t h e  same 

i n s t a n t  on t h e  same s t r i p  a t  a ve loc i ty  of 2 cm/sec., with a photo- 

graphic recorder ACB, equipped with galvanometers, on a mobile frame. 

The preliminary pressure  s tandard iza t ion  is  a l s o  recorded on t h e  

same s t r i p ;  
\ 

$(see.): combustion t i m e ,  r eg i s t e red  on t h e  pressure  record s t r i p ;  

.r(msec.): t h e  t i m e  e laps ing  between t h e  two rises i n  i n j e c t i o n  and chamber 

pressure ,  pleasuring t h e  i g n i t i o n  delay. 

These values determine t h e  performance of t h e  propel lan t :  

a) t h e  r e l a t i o n s h i p  of t h e  mixture m: 

Note: For outputs of n i t r i c  ac id  and n i t rogen  t e t rox ide ,  instantaneous 

I n  t h e  following experiments, an output meter w a s  measurements were ava i l ab le .  

no t  i n se r t ed  i n t o  t h e  c i r c u i t ,  and t h e  average output i s  ca lcu la ted  from t h e  

t o t a l  mass consumed. 

t h e  beginning and t h e  end of f i r i n g .  

The values are obtained i n d i r e c t l y  from oxid izer  waste at  

b) t h e  r e l a t i o n s h i p  of t h e  c h a r a c t e r i s t i c  mixture 4: 

where m s  is  t h e  s to ichometr ic  mixture r e l a t i o n ;  

c) t h e  c h a r a c t e r i s t i c  ve loc i ty  C*: 

- I 
where A is  t h e  t h r o a t  s ec t ion .  The combustion wastes noted have an effect on 

t h e  c h a r a c t e r i s t i c  ve loc i ty ,  which is  the re fQre  less than i n  p rac t i ce ,  bu t  t h i s '  

amount can serve as a b a s i s  .of -comp7qrison_hetween 1-_ ' p rope l len ts 'o  -7 

C 

. ___-___.-. 1 
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A. I . .. . ._Lg- .-i Results obtained on the  MT-32 LI 
L__- . .- . . . 

! 
are much c lose r  t o  t h e i r  real  values 

than those obtained on t h e  MT-15. D i -  

mensions and operating times of t he  

l a t te r  are smaller than t h e  MT-32, and 

t h e  s h o r t  period of occupation is not  

favorable t o  t h e  attainment of high 

combustion. S t i l l ,  i ts  easier opera- 

- .  . - .  

'Figure 7. T e s t  monitor. Determinatioxi 
of average regress ion  rates. 

I" 

t i o n  makes i t  more s u i t a b l e  f o r  preliminary comparisons; 

d) t h e  average rate of regress ion  is  obtained by two methods: 

- i n  t h e  f i r s t ,  t h e  average rad ius  of t h e  f u e l  g ra in  a f t e r  t h e  f i r i n g  is  

ca lcu la ted ,  knowing i ts  m a s s  loss Am, i t s  s p e c i f i c  mass p p  its length  L, 

and i t s  i n i t i a l  rad ius  R by t h e  r e l a t i o n :  
L- -~ 

0 9  

. . -. . 

and its rate of regress ion  f o r  a combustion t i m e t b  is given by: 
- _  

- R,,,- R, ! 
V =  

'b  ' - - ~  . _ _ _ _ .  

or:  

- 

- t h e  second, v a l i d  i n  some experiments, c o n s i s t s  of making a long i tud ina l  

s e c t i o n  i n  t h e  f u e l  gra in  a f t e r  combustion, following t h e  diameter, and 

recording t h e  su r faces  obtained on graph paper. After graphica l  in te -  

g ra t ion ,  t h e  average rad ius  i s  ca lcu la ted .  The record of one test is 

shown i n  Figure 7. Two very d i s t i n c t  zones can be discerned: i n  t h e  

region a f f ec t ed  by t h e  i n j e c t o r ,  t h e  wear on t h e  block is  more s i g n i f i -  

can t  than i n  t h e  zone below. This phenomenon, which occurs i n  much t h e  

same way with a l l  f u e l s ,  is more pronounced i n  t h e  presence of hydrogen 

peroxide. The two combustion phases, l i q u i d  and gaseous, are the re fo re  

d i s t ingu i shab le  i n  t h e  ca l cu la t ion  of regress ion  rates. The most pro- 

bab le  lengths  corresponding t o  each of them is determined: Lt and L 
- 

g ' - _  
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Their remaining sur faces  are measured between t h e  ou te r  w a l l  and t h e  

combustion zone, using graphica l  i n t eg ra t ion .  They give r a d i i  R and 

R and thus regress ion  rates J and '5 . ml 

mi3 ' 1 g 

\ 

It would have been poss ib le  t o  use a more p r e c i s e  method of monitoring, 

g iv ing  t h e  regress ion  rate at t i m e  t and a given s e c t i o n  X of t h e  g r a i n -  f o r  

example, stopping t h e  t h r u s t e r  at  ever-increasing operating t i m e s ,  and calcula- 

t i n g  a t  each absc i s sa  X t h e  v a r i a t i o n  of t h e  rad ius  R as a func t ion  of t i m e .  

This is  genera l ly  of t he  form: 

where n and K are determined empirically.  The rate of regress ion  v(x,  t) is 

equal  t o  : 

For f u e l  comparisons, i t  is simpler t o  use V. 

VI.3. Techniques f o r  Preparing Li thergol  Grains 

These techniques d i f f e r  according t o  the  phys ica l  p rope r t i e s  of t h e  com- 

pounds used. 

t i v e l y  low fus ion  poin t ,  and c a s t i n g  can be  employed. The components are in t ro -  

duced cold i n t o  t h e  receptac le ,  i n  t h e  proportions t o  be used i n  t h e  experiment. 

The mixture i s  heated t o  about 15O-16O0C, a t  which temperature it is completely 

l i q u i d .  It is  then poured i n t o  t h e  mold appropr ia te  t o  the  micro thrus te r  being 

used. By recooling, a homogeneous, r e s i s t a n t  g ra in  is obtained. 

I n  the  case of t h e ' l i t h e r g o l  NmD, i ts  cons t i t uen t s  have a rela- 

For binders,and p l a s t i c  r e s i n s ,  procedures are as follows: 

- t h e  carboxyl polybutadiene, diethylene carbide,  having 0.45 carboxy com- 

ponent i n  a mass of l O O O g m , i s  warmed i n  an oven t o  60°C, wi th  an imino- 

de r iva t ive ,  whi le  i n  t h e  mold. The compound hardens thermally. The 

polymerized product has  a rubbery appearance5 and exce l l en t  mechanical 

p r o p e r t i e s  ; 
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, -  a r a l d i t e  D forms p a r t  of t he  series of epoxy r e s i n s  r e s u l t i n g  from the  

ac t ion  of g lycol  epichlorhydrine on a polyalcohol; i t  c a s t s  and hardens 

eas i l y  ; 

L - a r a l d i t e  EM1, a mixture of epikotes which, polymerized and molded, is  
much more p l a s t i c  than the  preceding form, and shows a c e r t a i n  amount 

of e l a s t i c i t y ;  

- s t r a t y l ,  a polyes te r  cur ren t ly  i n  use,  is polymerized by the  ac t ion  of 

a peroxide, d i r e c t l y  i n  the  mold; 

- polyethylene is machined from a c y l i n d r i c a l  block; 

- p lex ig la s s  (polymetacrylate)’ i s  ais0 machined; 

- nylon (polyamide) is  s i m i l a r l y  formed by machining. 

VII.1. Experiments with Microthruster MT-15 

VII.l.l. Comparative study of t h e  combustion of NMTD i n  t h e  presence 
of hydrogen peroxide, n i t r i c  ac id ,  and ni t rogen te t roxide .  

This comparative study w a s  made by varying the  p r inc ipa l  cons t i tuents ,  both 

amine and i t s  supporting components, i n  t h e  standard l i t h e r g o l  NMTD. 

r e s u l t s  of f i r i n g s  i n  the  presence of hydrogen peroxide are condensed i n  Table 

The 

A q u i t e  s i g n i f i c a n t  increase  can be not iced i n  the  mixture r e l a t ion .  

Figure 8 shows the  development of t h i s  mixture r a t i o  as a funct ion of amine 

concentration f o r  two oxid izers ,  hydrogen peroxide and n i t r i c  acid.  

a b l e  increase  i n  exhaust concentration occurs when the  proportion o f  amine 

increases ,  with a s i g n i f i c a n t  divergence i n  favor  of hydrogen peroxide, a 

divergence which becomes more obvious f o r  g rea t e r  q u a n t i t i e s  of support  material. 

’ /23 
A notice- 
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Two f i r i n g s  made with a f u e l  based 

on metatoluene diamine one with n i t r i c  

ac id ,  and one with n i t rogen  t e t rox ide ,  

under i d e n t i c a l  conditions,  gave t h e  

following respec t ive  values - 1160 and 

1240 m/sec. f o r  the c h a r a c t e r i s t i c  

ve loc i ty .  

m/sec. was obtained. 

- 

With hydrogen -_ . - peroxide, 1366 

-.  

N = PHc ids) mid2 Is) m o k  I s )  po(bars) v c*(nI Is) 

2 + 2  G,? 24,14 31 28,G 4.32 l O l G  

5 + 5  6 2  21,Gl 32,251 2s,2 3,52 102G 
-- 

10 + 5 6 , l  1734 32,‘iS 27,7 2,97 1079 

1 2 + 5  G,6 16,51 30,30 25,.5 3 1151 

20 + 5 6 2  13,95 31,45 25,i 2,l ci llG9 

35 + 5 986 9 3 7  30,52 27,s 1,GD 13GG* 
- _ _  - _ _  - - . - - - - . 

I _ ~ _ _ _ .  . __- 

, L VII.1.2. Study of combustion of 

1 --f uelsmade exclusively 
~ __.__ _ _  

from p l a s t i c s .  

~ 

Table I11 shows t h e  r e s u l t s  obtained 

’ from these  compounds: 

L 
Figure 8. Development of -a. cha rac t e r i s  t i c  

mixture r e l a t i o n  as--a-function of I 

amine concentration. 

Fuei 

1Jolyl)utadii.iie . . 
.\raltlitc D . .’ . . 
l’olycstcr . . . . 
l’lcsiplass . . . . 
hralditc EBI, . . . 
Syl011 . . * . . . 
I’ol~~Ctlly1~nc . . . 

TABLE 11. 

TABLE I11 
- 
I;,,, 
(8 Is) 

X i 2  
G, i3 
5.S5 
5 . G  
5,30 
4,31 
3,DS 

- 

- 

I-l- - 

I I 

- 
C* 

(111 I s )  

1.100 
1531 
1.505 
1-173 
153s 
145s 
1575 - 
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An examination of t he  t a b l e  ind ica t e s  t h a t  t hese  new f u e l s ,  while no t  

usable  i n  t h e  presence of o t h e r  ox id izers ,  have here  exce l len t  combustion 

c h a r a c t e r i s t i c s .  Mixture r a t i o s  range from 0.7 t o  2. 

\ 

A comparison between t h e  combustion of polybutadiene i n  t h e  presence of 

hydrogen peroxide 

(Figure 9).  

In t h i s  case, values remain high (27.5 bar s ) ;  they are much lower and more un- 

s t a b l e  in  t h e  presence of n i t r i c  acid.  

and n i t r i c  ac id  is  shown by pressure  chamber readings 

Excellent s t a b i l i t y  i n  t h e  presence of hydrogen peroxide is apparent. 

I f  t h e  regress ion  rates obtained with these  var ious  f u e l s  are now examined, 

it can be seen t h a t  they are r e l a t i v e l y  high, and l ead  t o  co r rec t  mixture 

r a t i o  values f o r  t h i s  microthruster.  

of these  compounds a f t e r  combustion. 

between t h e  regress ion  rates i n  t h e  l i q u i d  and gaseous phase. 

Figure 10 shows photographs of the g ra ins  

Again i n  t h i s  ins tance ,  one can d i f f e r e n t i a t e  

The following r e s u l t s  (Table I V )  are graded i n  terms of increas ing  values 

of regress ion  rate i n  t h e  l i q u i d  phase. 

TABLE N The rates are again produced i n  

I I 
Sylon . . . 

s o f t .  a r a l d i  
I I’lcslglass . . 
I I’o!yclllyl~ne . 

Stlatyl . . 
Xralditc b . 
Polybu tadiene 

carboxyl. . 

0,558 

0,695 

1,053 

Figure 11. 
charges i n  these  binders,  values are 
increased. Thus, a r a l d i r e  D with 10% 
potassium borohydride has  a regress ion  

rate of 0.88 in  t h e  l i q u i d  phase, and 

0.59 i n  t h e  gaseous phase. 

By introducing very reactive 

0,095 
0,195 
O,%O 
0,21 
0,366 
0,275 

0,532 
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-_--- 
__ Figure 9 .  Comparison: hydrogen peroxide &and n i t r i c a c i d  -firings,- in-  - - - 

the presence of carboxyl polybutadiene. 

A. 
B. 

Carboxyl polybutadiene with hydrogen peroxide 
Carboxyl polybutadiene Nith n i t r i c  acid. 

Fig. 10 A. 

Figure 10. Photographs of resin grains 
after their combustion. 

Figure 11. Regression rates obtained 
on resin grains. 
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VII.2. Tests 

V I I .  2.1 
\ 

on the  Microthruster MTL32 

Ver i f i ca t ion  on a l a r g e r  scale of premininary r e s u l t s  

obtained with NMTD. 

The same study w a s  performed with d i f f e r e n t  concentrations of amine i n  

t h e  NMTD fue l .  

f i r i n g s ,  performed under the  same conditions,  with hydrogen peroxide and n i t rogen  

te t roxide .  

Table V gives  r e s u l t s  obtained, and allows comparison of two 

I n  comparison t o  the MT-15 microthruster ,  higher values are immediately 

apparent f o r  c h a r a c t e r i s t i c  v e l o c i t i e s  f o r  some concentrations,  and f o r  

i d e n t i c a l  mixture r a t io s .  Next, t he  two f i r i n g s  (one i n  the  presence of 

hydrogen peroxide, t he  o the r  i n  t h e  presence of ni t rogen te t roxide ,  both f o r  

t h e  same composition 

exhaust concentration, i nd ica t ing  .a higher  regression rate. 

(90% NMTD, 10% support ma te r i a l ) ,  show an increase  in 

The r e s u l t  of t h i s  comparison is important, and s t rongly  confirms t h e  

behavior observed f o r  t he  microthruster  MT-15. 
be  seen i n  the  r a t e  of regression,  i n  the  presence of hydrogen peroxide. 

The curves of Figure 12 show the  development of these rates as a funct ion of 

A s i g n i f i c a n t  increase  can thus 

amine concentration, and one can compare these  with values  of Figure 8, 

showing the  increase  i n  mixture r e l a t i o n  with increase  i n  amine proportion. 

VII.2.2 . Inf luence of the  length of t he  fue l .  

The r e s u l t s  produced i n  Table I V  have been obtained with t h e  following 

f u e l  composition: MTD 83%, PHc 5%, Nylon 12%- 

It is  i n t e r e s t i n g  t o  note  t h a t ,  as t h e  length of t h e  f u e l  progressively 

diminishes, t h e  exhaust concentration approaches a va lue  corresponding t o  '/25 
t he  maximum of t h e  c h a r a c t e r i s t i c  ve loc i ty .  

ox id izers  and t h e i r  consequent smaller regression rates, i t  would b e  necessary 

t o  increase  t h e  length of t h e  same f u e l  t o  approach t h e  optimum. 

On the  o the r  hand, with o ther  
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TABLE V. 

3ITD 90 
s + P I - I C  10 

3ITD 90 
S +- PHc 10 

I I- 
SSO' G,1 

M201 895 50 

55 

5G 

90 

2,32 0,98 I 
1.82 0,57 

1,715 0,521 I 

1,0266 0,413 

- - - a  

--- 
--- 

m o ( g  I s )  

3ITD S3 
S + P H c  17 , 

JITD i 5  
S + PHc 25 
JITD G O  
N + PHc 40 

162,95 

115,29 

H.02 s,7 

H?O- Y,6 

HiOz .7,5 

114,37 

115,70 

130 

C * b  Is) 

1026 

1232 

1334 

1450 

1363 - 

- 
Ll 

(111111) 

- 
90 

s5 

64 

- 

50 - 

Figure 12. Development of regression rates in  liquid and gaseous phases 
as a function of amine concentration. 
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After each test, t h e  g ra ins  are sys temat ica l ly  examined i n  long i tud ina l  
, 

For t h e  last 60 mm. of length ,  combustion occurs s o l e l y  i n  t h e  l i q u i d  sec t ions .  

phase. 

VIJ.2.3. Influence of Chamber Pressure.  

Polybutadiene w a s  chosen f o r  t hese  measurements, because lit is  simple t o  

prepare, i n  a non-shrinking, compact g ra in ,  by hardening i n  t h e  a c t u a l  mold. 
The same i n j e c t o r  w a s  kept,  and i n j e c t i o n  pressure  Pi w a s  var ied  between 20 and 
40 bars.  The t o t a l  m a s s  of f u e l  used remained constant i n  a l l  tests. 
following performances and regression rates were obtained (Table V I ) .  

The 

A t  an i n j e c t i o n  pressure  of 20 ba r s ,  f l uc tua t ions  i n  chamber pressure  

occur, which are due t o  small devia t ions  Ap, between t h e  two pressures.  

For l a r g e r  Ap, chamber pressure  is  s t a b l e .  A high c h a r a c t e r i s t i c  ve loc i ty  is 
obtained, 1597 m/sec., f o r  a chamber pressure  of 26.8 bars.  These f'igures 

are a r e s u l t  of a s i g n i f i c a n t  increase  i n  t h e  regress ion  rate of f u e l s  i n  the 

presence of hydrogen peroxide. 

can see t h a t ,  f o r  t h e  same t h r o a t  diameter: 

I f  t h e  curves of Figure 1 3  are examined, we  

- t h e  regress ion  rate i n  t h e  i n j e c t i o n  zone ( l i q u i d  phase) is  propor t iona l  . 1 , .  

t o  t h e  pressure.  In t h e  zone of t h e  gaseous phase, i t  is c lose ly  propor t iona l  

.:to t h e  square r o o t  of t h e  pressure.  I n  t h e  tests described, w e  f ind :  

V = Kpo 0052 (Figure 14) 
g 

\ 

It is the re fo re  i n t e r e s t i n g  i n  t h i s  case t o  produce modulations i n  t h r u s t ,  

i n  t h e  region of s m a l l  chamber pressure  values,  f o r  example, between va lues  of 

a b a r  and 10 bars.  A t  t h i s  b a t t e r  value,  t h e  ,difference i between t h e  two 
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regression rates is 0.06 mm/sec., o r  16% of t h e  regression rate i n  t h e  l i q u i d  

phase. .In a later sec t ion ,  f r o n t a l  compensated combustion w i l l  be examined. 

Combustion takes  place i n  t h i s  case e s s e n t i a l l y  i n  t h e  l i q u i d  phase, and one 

must ke able  t o  modulate the  pressure without producing s i g n i f i c a n t  repercussions 

on the. mixture r a t i o .  

V I I . 3 .  C la s s i f i ca t ion  of Various Fuels as a Function of Ablation Rates. 

Possible  Compensations f o r  Ablation Rates. 

The following b a s i c  conclusion r e s u l t s  from t h i s  study: 

Regression rates increase  not iceably with the  use of hydrogen peroxide, 

and t h i s  permits  t he  use of pure p l a s t i c  polymers. Among these,  polybutadiene 

lends i t s e l f  w e l l  t o  opera t ive  techniques, and at a l l  times gives an i n t e r e s t i n g  

performance. Moreover, a high combustion y i e ld  is general ly  obtained without 

t h e  use of s p e c i a l  devices. 

Regression rates are increased s t i l l  more by t h e  in t roduct ion  of f u s i b l e  

o r  more reactive charges, such as metatoluene diamine i n  nylon, and, a t  low 

concentrations,  potassium borohydride i n  epoxy res ins .  

Moreover, s ince  these  regression rates are d i f f e r e n t  i n  l i q u i d  and gaseous 

phases, a f u e l  with compensated regress ion  rates i n  the  two zones can be 

considered. 

are close,  o r  equal,  one i n  the  w e t  s ec t ion  near  t h e  in j ec to r ,  and the  o ther  i n  

__ 

Two compositions should be chosen i n  which rates of regress ion  

. /27 t he  more d i s t a n t  sec t ion .  - 
Examination of t he  preceding t ab le s  allows us t o  envisage a series of 

n e u t r a l  couples, shown as follows (Table VII I ) :  

TABLE- V I 1  
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Po 

3 

i 2  

' I  

1 I 

1 , i " u y  / / .  

I 
,0- 0,5 'I I 

I 

I 
i 
I 
I 

I 
! 

I 

t 

Polybutadiene - H-0, 96% 

xylol1 ( 0 , q  

1'olgi.L hgli~nr (0,4 6) 

f lexibleq: (0,558) 
a r a l d i t  e 
l'lcsiglnss (0,5S) 

Slr:ityl (0,693) . 

- 1  
0,5 Q6 0.7 0,s 0,9 _ _  

SII.aly1 (OJ(i6) 
S l I T D  60-35-5 (0,413) 

0 

hr:iltlitc D +- 10 "/b BI-I,I< 

Polybuladi~nc  (0,532) 

Alaltlilc D +- 10 "/b BH,I< 

S l I T D  5.5-20-5 (0,521) 

(0,59) 

(0,50). 

Figure 14. Varia t ion  of regress ion  
rate i n  gaseous.phase as a - 
func t ion  of chamber pressure.  

Araltlitr D (0 , i l )  

L L  

~ 

SJITD 75-20-5 (0,721) 

TABLE V I 1 1  

Polybutntlihe (0,93S) 

I~olybutadicne (1,05) (AITIS) 
(lIT32). 

Liquid zone Gaseous zone 

h'J1TD 90-5-5 (0,98) (hITs2) 
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gave 

Among these ,  two couples can be se l ec t ed :  

1) polybutadiene f o r  t h e  l i q u i d  phase (0.938) (1.05) 
L 

NMTD 90-5-5 f o r  t he  gaseous phase (0.98) 

2) f l e x i b l e  a r a l d i t e  f o r  t he  l i q u i d  phase (0.558) 

carboxyl polybutadiene f o r  t h e  gaseous phase (0.532). 

This second combination of two polymers is  noted i n  Figure 11. 

Tested i n  t h e  micro thrus te r ,  under normal conditions,  t hese  two couples 

t h e  following r e s u l t s :  
-- L 

lb : 8,2 s; 'p : 1 ,36 ;  I ; L , ~  : 2 6 , 5 i / s ;  )Lo : 122,O g/s; 
Cy : 1 43h m/s;  L1 : 75 mm; i;l : 0,933 mm/s; 
L, : 93 mm; Oo : 0,97 mm/s. - _ _ _ _  For t h e  f i r s t :  ___ - 

For these two couples, it can be  seen t h a t  regress ion  rates 5 and 3 
1 g 

Photographs taken a f t e r  combustion of s ec t ions  of the- carboxyl are close. 

polybutadiene-araldite couple i n  Figure 15 show a continuous combustion surf ace 

p r o f i l e .  

regress ion  rates i n  t h e  two zones can be considered. 

Based on t h i s ,  a t h r u s t e r  formed from two f u e l s  with similar 

V I I I .  Combustion i n  t h e  Presence of Metals: Comparison of Results w i t h  Theory. 

The add i t ion  of f i n e l y  divided metals, notably powders of aluminum OK 

magnesium-aluminum a l loys ,  has a double e f f e c t .  On t h e  one hand, t h e  

c h a r a c t e r i s t i c  ve loc i ty ,  and above a l l  t h e  s p e c i f i c  impulse ( increase  i n  t h e  

c o e f f i c i e n t  of t h r u s t )  are improved. On t h e  o the r  hand, t h e  volumetric m a s s  

of t h e  f u e l  is  higher. 

i n  t h e  l i t e r g o l  is  60%. 

l eads  t o  a s i g n i f i c a n t  drop i n  performance. This i s  t h e  case i n  combustion, 

wi th  n i t r i c  ac id  when-aluminum is used wi thou t  s p e c i a l -  treatment. 

Its increase  can reach 50% when t h e  percentage of m e t a l  

However, p a r t i a l  combustion of metallic p a r t i c l e s  

- -_ --_ __ __ - ___- 
--____. 

With -- ___ - -_I__ I)-..-..-- 
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I “ _  - - -I 
. * - - - . .  ni t rogen  peroxide N204, combustion is  

improved, b u t  t h e  high temperature pro- 

duced i n  t h e  chamber l eads  t o  r ap id  

des t ruc t ion  of hard nozzles. 

i 
* I-”’ * i . 3 .,-.vs 

\. 1.. - 
. I  

I i 

* .  
.--?I ;. . 

I L 

VIII.l. Choice of Base Fuel. 

Polybutadiene w a s  chosen as a base 

f u e 1 ; i t s  performance and mechanical be- 

‘havior already made it  a l i t h e r g o l  of 

e--- -.- - A i3 - , 

polybutadiene and an a r a l d i t e p o l y -  allows it  t o  maintain a homogeneous par t -  
butadiene couple. A-polybutadiene; 
B- couple: araldite-polybutadiene. i c u l a t e  suspension during polymerization. 

VIII.2. Results Obtained with,Aluminum Powder i n  5~ - diameter Spher ica l  
Particles. 

Percentages of 20, 30, 40,  50, and 60% aluminum were t e s t e d ,  and t h e  r e s u l t s  

of f i r i n g s  are recorded i n  Table IX. 
equal t o  40%, t he re  is  no increase  i n  c h a r a c t e r i s t i c  ve loc i ty .  

t h e  t h r o a t  of t h e  tungsten nozzle remains v i r t u a l l y  t h e  same. 

introduced reached 50%, t h e  nozzle r ap id ly  de te r iora ted .  This makes determination 

of t h e  experimental c h a r a c t e r i s t i c  ve loc i ty  very uncertain.  None of t h e  var ious  

materials used f o r  nozzle cons t ruc t ion  w e r e  resistant; t h i s  w a s  notably the case 

wi th  p r y o l i t i c  graphi te ,  and with rokidized g raph i t e  (protected by a p ro jec t ion  

of zirconium oxide plasma). 

For aluminum percentages less than o r  

The diameter of 

When t h e  aluminum 

VIII.3. Protec t ion  of t h e  Nozzle by Fuel Flow. 

The technique cons i s t s  of molding a p l a s t i c  f u e l  material i n  t h e  body of 

t h e  convergent s ec t ion  preceding t h e  nozzle,  with a c i r c u l a r  passage o r i f i c e  

of a diameter equal t o  1.5 t i m e s  t h a t  of t h e  t h r o a t  .(Figure 16).  

obtained are s i g n i f i c a n t ,  s i n c e  t h e  tungsten nozzles w e r e  r e s i s t a n t  f o r  20 seco 

of f i r i n g ,  with concentrations of 60% aluminum i n  t h e  f u e l ,  t h e  diameter of t h e  

t h r o a t  increas ing  by only 0.4 mm. 

r a t i o  due t o  f u e l  removal i n  t h e  convergent s ec t ion  remains acceptable. 

t h e  c h a r a c t e r i s t i c  v e l o c i t y  exceeds 1600 m/sec., t h e  double inf luence  of the 

add i t ion  of m e t a l s  t o  l i t e r g o l s  is re ta ined  ( increase  of s p e c i f i c  impulse and 

The r e s u l t s  

The inc rease  i n  t h e  c h a r a c t e r i s t i c  mixture 

Since 
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3 

l 3. molded p l a s t i c :  polybutadiene 
I o r  po lyes t e r  o r  a r a l d i t e .  

4 .  c a d a r s i t e  p r o t e c t o r  
I 

I 

I 5 

volumetric m a s s  of t h e  fue l ) .  

Severa l  materials were t e s t e d  i n  

t h i s  way, and molded i n t o  t h e  conver- 

gent sec t ion ;  t h e  r e s u l t s  have been 

s a t i s f a c t o r y  with polybutadiene, s t r a t y l  

(polyester)  and above a l l ,  a r a l d i t e .  

Figure 1 7  shows t h e  states of nozz les  

a f t e r  20 sec, f i r i n g ,  and Table X g ives  

. the r e s u l t s  of f i r i n g s  performed with 

60% 511 aluminum. 

Combustion y i e ld  is exce l l en t ,  

e spec ia l ly  when w e  are always dealing 

with average c h a r a c t e r i s t i c  ve loc i ty  

ca lcu la ted  over a r e l a t i v e l y  short 

f i r i n g  time. (Standard s p e c i f i c  impulse 

would be of t h e  order of 260 sec.) .  

VIII.4. Resul t s  Obtained with Al-Mg Alloy(50%) Powder. 
_ -  - 

The granulometry of t hese  p a r t i c l e s  i n  g rea t e r  than t h a t  of t h e  aluminum p 

p a r t i c l e s  used (70 11 approx.), bu t  the presence of magnesium gives them b e t t e r  

inflammability. 

bu t  only f o r  t he  pressure  of 30 b a r s  i n  t h e  chamber. 

As f o r  aluminum, maximum ga in  is near 50% m e t a l  i n  t h e  f u e l ,  

There i s  only a 5% ga in  i n  
s p e c i f i c  impulse, (270 sec.), and nothing f o r  c h a r a c t e r i s t i c  ve loc i ty .  

Results of f i r i n g s  are (Table XI ) :  

TABLE IX 
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1 2 

i : i  

3 4 
. ~ . --._ , . 

C ' i  

Figure 17. Throats of rokidized 
g raph i t e  . - 
Al. 
2. 

B. 
3. 
4 .  

5. 
6. 

C. 

- 

without protection-rzr io -+ 14.2, 
with a r a l d i t e  p ro tec t ion  

PI 10 3 12, AI : 60 %.' 
graph i t e  th roacs  
without p ro tec t ion  P, 10 -+ 1 W .  - 
with a r a l d i t e  p ro tec t ion  

tungsten t h r o a t s  
unprotected 
wi th  a r a l d i t e  pro tec t ion .  

0 10 3 11'8, A1 : 60 %. 

0 10 --f 10,4. - I 

As f o r  aluminum alone, combustion 

y i e l d  increases  with t h e  metal content. 

Figures given only concern c h a r a c t e r i s t i c  

v e l o c i t i e s .  Since t h e  increase  i n  t h e  

t h r u s t  c o e f f i c i e n t  is s t i l l  more important, 

a propel lan t  can b e  used, wi th  a volume- 

t r i c  mass c l o s e  t o  1.5, whose standard 

s p e c i f i c  impulse e a s i l y  reaches 260 sec., 
i n  a imple engine, without 

devices e 

combustion 

IX. Combustion i n  Other Configurations. , 

IX.1 .  F ron ta l  Microthruster.  

Researches on t h e  hybrid couple 

HLi-C1F have l e d  t o  consideration of a 

p a r t i c u l a r  mode of combustion. 

configuration, only a po r t ion  of t h e  f u e l  

is subjected t o  t h e  ac t ion  of t h e  l i q u i d  

oxidizer.  It is diagrammed i n  Figure 18. 

The g ra in  is  subjected t o  a f o r c e  derived 

from t h e  d i f f e rence  between t h e  i n j e c t i o n  

pressure  of t h e  oxidizer,  and t h e  

I n  t h i s  

_ _  _chamber pressure  (Pi - p,). 

locked i n  its support within t h e  combustion1 

chamber, and maintains t h i s  p o s i t i o n  

by gradually s l i d i n g  downward u n t i l  

t h e  g ra in  is  consumed. This arrangement 

has t h e  advantage of maintaining t h e  

dimensions of t h e  combustion chamber a t  

constant values,  and s i m p l i f i e s  extra- 

It is thus  

__ 

- 

pola tory  ca l cu la t ions ,  both i n  t h r u s t  and time, f o r  ,hybrid t h r u s t e r s .  
.- 
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TABLE X 

i n  convfrgent fh(S) r i d s  Is) 

Po1~f)otatlibnc . . . . 20,1 49,GG 

Xrnltlitc EM, . . . .I 21,2 1 4634 
Xrddifc D . . . . . . 19,3 55,57 

9S,O.l 
103,G3 

943.2 

25 
27 
2S,5 

I I 
. . .. -. . . - ' . . .. .. . ... .~ ._ . ._ .. . - ... . . , 

TABLE X I  

23 33 1OS,G9 
22:.i3 103 

3 0 20 24,5 400 
-1 0 19,G 29,43 102,o-1 

39,47 10GI3S 

i a, col(111111) 

I 
9,o -+ 11 
10 4 12 , A: 10 + 10,4 

I I I I I '  
26 1,16 15-15 0,9G 0,97 9,9G 3 9,96 
25,3 1,13 15G5 0,97 1,oo 10 -+ 10 

I 25,4 1,lS l G O O  0,QS 1,OG 10 4 10 
27,2 1,22 162.4 , 190 1,17 9,96 3 10 
26,G 1,42 1610 0,99 1,25 9,96 +- 10,6 : 

- ~ _ _  - ._ . .  - 

Hydrogen peroxide allows t h e  use of f u e l s  having mechanical proper t ies  

favorable  t o  t h i s  type of combustion. 

i t s  exce l len t  elastic proper t ies ,  ensures an a i r t i g h t  f i t  between t h e  two sur faces  

undergoing pressures  p and po. i 
t h e  f i r s t  at  a chamber pressure of 11.2 b a r s  f o r  20 sec., and t h e  second a t  

7.5 bars  f o r  34 sec., show t h a t  combustion is  very s t a b l e ,  arid t h a t  a high 

combustion y i e l d  is a t t a inab le ,  The regression rate of t h e  g ra in  is  very c lose  

t o  1 mm/sec. I n  t h e  second f i r i n g ,  a c h a r a c t e r i s t i c  ve loc i ty  of 1570 m/sec., 

w a s  achieved f o r  an exhaust concentration of 1.84. 

For example, polybutadiene, by v i r t u e  of 

Two f i r i n g s  performed i n  the  MT-32 chamber, 

Hydrogen peroxide can be used i n  a compensated f r o n t a l  combustion system, 

and i t s  auto-combustion favors  ease of combustion. 

devise a t h r u s t e r  with s m a l l  t h r u s t ,  bu t  l a r g e  operating t i m e .  

a t h r u s t  of 50 'daN was obtained i n  a vacuum f o r  10 minutes from a g r a i n  160 nun. 
i n  diameter and 600 mm long, and f u e l  being carboxyl polybutadiene. 

It is  thus poss ib le  t o  

For example, 

The 
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Figure 18. Diagram of t h r u s t e r  wi th  
f r o n t a l  combustion. 

1. 
2. 
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Figure 19. Thermochemical decomposition 
of hydrogen peroxide. 

standard t h e o r e t i c a l  s p e c i f i c  impulse 

(70/1) of t h i s  couple w a s  nea r ly  

280 sec., and i n t e r e s t i n g  app l i ca t ions  

can be  imagined. 

IX.2. Thermochemcial Decomposition. 

A v a r i a n t  of t h i s  system is  possr: 

i b l e : ,  i n  which thermochemical decomp-- ' 

o s i t i o n  of hydrogen peroxide could 

be  induced. 

- 

Figure 19 shows t h e  p r inc ip l e .  The f i r s t  i n j e c t o r  ensures combustion w i t h  

t h e  f u e l  

Below t h i s ,  o the r  i n j e c t o r s  disseminate t h e  hydrogen peroxide, which decomposes- 

* t in  t h e  region of combined c h a r a c t e r i s t i c  mixture r a t i o  of unity". 
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i n  f r o n t  of t he  throa t .  

60 mm, while t h e  secondary in j ec t ion  w a s  adjusted i n  such a way as t o  obtain 

s m a l l  exhaustconcentrat ionvalues  (0.7 t o  0.2). For t h i s  last  va lueo  a f i r i n g  

of sevekal minutes was 'car r ied  out ,  performances being super ior  i n  t h i s  case t o  

those obtained through c a t a l y t i c  decomposition of hydrazine. 

regula t ing  t h e  g loba l  mixture r a t i o ,  produce any performance between t h e  

limits of simple decomposition of hydrogen peroxide, and the  maximum value of 

t h e  hydrogen peroxide-fuel couple, t he  choice being determined by t h e  temperature 

t o l e r a t e d  by the  throa t .  

The experiment w a s  done on a microthruster  of diameter 

One can,then, by 

The advantage of t h i s  so lu t ion  i n  r e l a t i o n  t o  the  standard system of 

c a t a l y t i c  decomposition i s  t o  suppress aging of t h e  c a t a l y s t ,  t o  have a constant 

t r a n s f e r  funct ion,  and shor t  response t i m e s ,  and t o  produce higher performance 

while operat ing a t  a concentration determined by the  state of t h e  th roa t .  

X. Conclusion 

Hydrogen peroxide can be  used f o r  purposes of propulsion i n  t h r e e  ways: 

1. as a monopropellant, using c a t a l y t i c  or thermal decomposition; 

2. as an oxid izer  by a preliminary c a t a l y t i c  predecomposition; 

3. as a l i q u i d  oxid izer ,  by d i r e c t  i n j e c t i o n  i n t o  the  chamber over a 

hypergolic substance.. 

The last  case forms the  objec t  of t h i s  s tudy,  i n  its appl ica t ion  t o  

hybrid t h r u s t e r s  

The following r e s u l t s  are obtained: 

- s o l i d  compounds, s t rongly  hypergolic with hydrogen peroxide, are 

more d i f f i c u l t  t o  react with o ther  ox id izers ,  such as n i t r i c  acid o r  n i t rogen  

te t roxide ,  even a t  very s t rong  concentrations.  Among t h e  compounds s tudied,  

potassium borohydride was  re ta ined  because of i ts  shor t  i g n i t i o n  delay i n  t h e  

p i s ton  apparatus - 2 msec. Tested while i n  an amine suspension, and deposited 
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on t h e  pe r fo ra t ion  of a s o l i d  f u e l  i n  a micro thrus te r  MT-15, t h i s  compound 

gave a delay of 6 msec. 

humidity. 

As an  i n i t i a t o r  it i s  s t a b l e  and i n s e n s i t i v e  t o  

\ - A comparative study of t h e  standard amino 1ithergolNMTD i n  the  presence 

of hydrogen peroxide, n i t r i c  ac id ,  and n i t rogen  t e t r o x i d e  i n  t h e  micro thrus te rs  

MT-15 and MT-32 l e d  t o  an important r e s u l t :  regress ion  rates are d i s t i n c t l y  

h igher  i n  t h e  presence of hydrogen peroxide, and a new series of very r i c h  

p l a s t i c  binder f u e l s  i s  contemplated. 

of combustion with exce l l en t  mechanical proper t ies .  Among them, carboxyl 

polybutadiene, easy t o  mold and polymerize, w a s  taken as a b a s i s  f o r  study 

of pressure  and performance obta inable  through add i t ion  of metals. 

These compounds combine good q u a l i t i e s  

- Longitudinal s e c t i o n s  of l i t e r g o l  g ra ins  a f t e r  t h e i r  combustion i n  

t h e  presence of hydrogen peroxide shuw a d i f f e r e n t  appearance t o  those obtained 

wi th  o the r  ox id izers ;  t h e  l a c k  of s i m i l a r i t y  between t h e  two combustion zones, 

l iqu id-so l id  and gas-solid, are more pronounced i n  t h e  presence of hydrogen 

peroxide, and regress ion  rates are def inable  i n  these  two zones. These, cal- 

cu la ted  by a method of graphica l  i n t eg ra t ion ,  allow t h e  pred ic t ion  of a l i t h e r g o 1  

with a constant combustion p r o f i l e .  

two f u e l s ,  one of which possesses t h e  same regress ion  rate i n  t h e  gaseous phase 

as t h e  o ther  does i n  t h e  l i q u i d  phase. 

_ _  

~ 

This is obtained by t h e  superpos i t ion  of 

- Hydrogen peroxide of high concentration (g rea t e r  than 95%) allows 

exce l l en t  combustion of metals incorporated i n  p l a s t i c  materials. I n  t h e  

case of aluminum o r  aluminum-magnesium a l l o y  powders, one can 

recourse t o  s e p c i a l  devices,  combustion products (calculated from c h a r a c t e r i s t i c  

v e l o c i t i e s )  of 0.94 and 0.99. 

consideration of t h e  poss ib l e  combustion of beryllium' wi th  t h i s  oxidizer.  

obtain,  without 

This r e s u l t s  is  q u i t e  remarkable, and prompts 

- The conf igura t ion  of t h e  f r o n t a l  micro thrus te r  is p a r t i c u l a r l y  w e l l  

adapted t o  polybutadiene-hydrogen peroxide combustion, and on t h i s  p r i n c i p l e  a 

t h r u s t e r  with s m a l l  t h r u s t  and l a r g e  operating t i m e  is conceivable. 
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On t h e  s a m e  p r inc ip l e ,  thermochemical decomposition of hydrogen peroxide is 
poss ib le ,  using t h e  hea t  derived from a primary hydrogen peroxide-fuel r eac t ion  

i n  a stoichometric r e l a t i o n ,  and b.y adding secondary i n j e c t o r s .  

clude ,that hydrogen peroxide is  an oxid izer  w e l l  adapted t o  hybride combustion. 

In t h e  s t a b l e  form i n  which i t  is  used, it is simple t o  manipulate, and can 

be s to red  i n  tanks, previously rendered i n e r t ,  with only a small amount of waste. 

One can con- 

Manuscript de l ivered  19 June 1969. 
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